The diagnostic efficacy of fluid-attenuated inversion recovery (FLAIR) magnetic resonance imaging and computed tomography (CT) for acute subarachnoid hemorrhage (SAH) were compared and the problems with diagnosis were investigated in 81 patients with aneurysmal SAH within 24 hours after onset who underwent FLAIR imaging and CT on admission. The number of hematomas in the cisterns and ventricles were evaluated by clot scores. In addition, the frequency of undetected hematomas was calculated for the cisterns and ventricles. Clot scores were significantly higher for FLAIR imaging than for CT in the lateral sylvian, quadrigeminal, and convexity cisterns. On the other hand, clot scores were significantly higher for CT than for FLAIR imaging in the interhemispheric and medial sylvian cisterns. The overall frequency of undetected SAH was 2% for FLAIR imaging and 14% for CT. With the exception of the interhemispheric and medial sylvian cisterns, the frequency of undetected SAH was higher for CT than for FLAIR imaging. In this study, FLAIR imaging was more sensitive than CT for the detection of acute SAH within 24 hours after onset. However, the diagnostic efficacy of FLAIR imaging was reduced in comparatively tight cisterns.
Introduction
Computed tomography (CT) has been the first choice for neuroradiological imaging of patients with stroke or sudden onset of acute headache. However, some headaches are caused by pathologic conditions that cannot be detected by CT. In particular, magnetic resonance (MR) imaging is often necessary to determine the primary cause of the headaches in patients with thunderclap headache, 5) reversible cerebral vasoconstriction syndrome, 7) or cerebral venous thrombosis. Rapid and accurate diagnosis of acute-phase cerebral infarctions depends on MR imaging as the first choice in more and more stroke centers, so neurosurgeons often have substantial experience with the MR imaging findings of the acute phase of subarachnoid hemorrhage (SAH). However, MR imaging is generally accepted as less informative than CT for the detection of acute SAH.
Several recent studies have reported that fluid-attenuated inversion recovery (FLAIR) MR imaging provides reliable diagnostic images of acute or subacute SAH. 14, 15, 18, 19) FLAIR MR imaging uses an inversion-recovery pulse sequence with an inversion time that effectively nullifies the signal from cerebrospinal fluid (CSF) and provides heavy T 2 weighting due to its long echo time. This technique is useful for the evaluation of diseases affecting the subarachnoid space such as SAH and meningeal diseases including meningitis. 14, 15, 18, 25) However, few neurosurgeons use FLAIR imaging as the first choice for the diagnosis of SAH, primarily because of the poor understanding of the differences in diagnostic characteristics between FLAIR imaging and CT for SAH. In addition, the potential false-negative findings at the time of diagnosis of acute SAH using FLAIR imaging are not well characterized.
The present study compared the findings of FLAIR MR imaging and CT in patients with acutephase SAH to investigate the problems with SAH diagnosis by FLAIR imaging as the first-choice neuro-Problems With SAH Diagnosis by FLAIR MR Imaging imaging method.
Materials and Methods
A total of 107 patients with nontraumatic aneurysmal SAH were admitted to Tokai University Hachioji Hospital within 24 hours after onset between September 2002 and December 2008. CT and MR imaging were performed together in patients with SAH and stable vital signs reflecting adequate respiration and circulation, after obtaining informed consent from the patient's family based on the rules of examination established by the Clinical Manual of Tokai University Hachioji Hospital. The 107 patients included 81 patients without rerupture who underwent both FLAIR imaging and CT at the time of admission and were analyzed retrospectively.
On admission, MR imaging including axial conventional FLAIR imaging and MR angiography was performed using a 1.5-Tesla superconducting magnet (Signa EXCITE; General Electric Medical Systems, Milwaukee, Wis., U.S.A.) with a quadrature head coil. FLAIR imaging used the following parameters: repetition time, 8000 msec; inversion time, 2000 msec; echo time, 135 msec; size of field of view, 240 mm; imaging matrix, 256 × 224; section gap, 1.0 mm; number of excitations, 1; and thickness, 5 mm. MR angiography was simultaneously performed to search for the SAH source and identify congruity between the site of the aneurysm and localization of the SAH clot. All MR imaging was completed within 13-15 minutes. CT was performed almost simultaneously with MR imaging. CT slice thickness was 4 mm. Multi-detector row CT images were acquired using a 4-mm collimated beam with the following characteristics: gantry rotation time, 1.5 sec; x-ray tube voltage, 120 kV; tube current, 250 mA; and total scan time, 50 sec.
CT and MR imaging findings were interpreted by at least two experienced senior neurosurgeons. The clinical grade of each patient was determined on admission according to the World Federation of Neurological Surgeons system. 6) Patients in grade 4 or 5 were defined as having low grade SAH. The severity of SAH was classified radiologically using CT according to Fisher's scale. 8) SAH observed on CT and FLAIR imaging was scored semiquantitatively as the sum of clot scores ranging from 0 to 3 for each of the 10 cisterns: 0, no blood; 1, small amount of blood; 2, moderate amount of blood; and 3, completely filled with blood. 10) We added analysis of the bilateral convexity sulci to the original grading of subarachnoid clot, so a total of 12 cisterns were investigated. These clot scores were added to yield an SAH sum score ranging from 0 to 36. The amount of intraventricular hemorrhage (IVH) in the lateral, third, and fourth ventricles was scored as follows: 0, no blood; 1, sedimentation of blood in the posterior part; 2, partly filled with blood; and 3, completely filled with blood. The total clot score of IVH was the sum of the four scores and ranged from 0 to 12. 10,12) Analysis of intracerebral hemorrhage or intrasylvian hematoma was based on subarachnoid clots and intraparenchymal hemorrhage (more than 10 ml) detected by CT. Hydrocephalus was evaluated by measuring the bicaudate index and the temporal horn diameter. 26 
Results
The clinical features of the 81 patients with SAH who underwent FLAIR imaging and CT on admission are shown in Table 1 . Initial MR imaging including FLAIR was conducted within 6 hours of SAH onset in 70 patients. Adverse events due to MR imaging did not occur in any patient. One patient with negative findings on CT and FLAIR imaging was given a diagnosis of SAH following lumbar puncture based on the MR angiography findings suggesting ruptured aneurysm. No diagnosis of SAH was based on only the FLAIR imaging or CT findings, despite the absence of clot on either CT or FLAIR imaging. MR angiography could not identify the hemorrhage source in 5 of the 81 cases. The hemorrhage source was identified by conventional angiography in these cases. Anterior wall aneurysms of the internal carotid artery were identified in three cases, a dissecting aneurysm of anterior cerebral artery in one case, and a middle cerebral artery aneurysm with severe atherosclerosis in one case.
The SAH and IVH clot scores determined by CT and FLAIR imaging are summarized in Table 2 . SAH clot scores on FLAIR imaging were significantly (p º 0.001) higher than scores on CT in the lateral sylvian, quadrigeminal, and convexity cisterns. On the other hand, SAH clot scores on CT were significantly higher (p º 0.001) in the interhemispheric and medial sylvian cisterns. IVH clot scores on Statistical significance of the frequency of CT-or FLAIRundetected SAH was not calculated because no control subjects without SAH were included in the study. CT: computed tomography, FLAIR: fluid-attenuated inversion recovery magnetic resonance imaging.
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FLAIR imaging were significantly (p ＝ 0.011) higher than scores on CT in the lateral ventricle. There were no other significant differences in SAH or IVH clot scores in other ventricles or cisterns. Frequencies of SAH undetected by FLAIR imaging and CT are summarized in Table 3 . The frequency of SAH undetected by FLAIR imaging (only CT-detected) was higher than that undetected by CT (only FLAIR-detected) in the interhemispheric cistern. The frequency of SAH undetected by CT (only FLAIR-detected) was higher than that undetected by FLAIR imaging (only CT-detected) in the lateral sylvian fissure and the suprasellar, ambient, quadrigeminal, and convexity cisterns. The frequencies of undetected SAH were similar for CT and FLAIR imaging in the medial sylvian fissure. Typical cases are shown in Figs. 1-3 .
Frequencies of IVH undetected by FLAIR imaging and CT are shown in Table 4 . The frequency of IVH undetected by CT was higher than that undetected by FLAIR imaging in the third and lateral ventricles. The frequencies of IVH undetected by CT or FLAIR imaging were similar in the fourth ventricle.
Cisternal SAH in the posterior fossa was depicted more clearly on FLAIR imaging than on CT in the seven patients with ruptured posterior circulation aneurysm. FLAIR imaging detected not only fourth ventricle IVH but also cisternal SAH in the posterior fossa in three patients with ruptured distal posterior Statistical significance of the frequency of CT-or FLAIRundetected IVH was not calculated because no control subjects without subarachnoid hemorrhage were included in the study. CT: computed tomography, FLAIR: fluid-attenuated inversion recovery magnetic resonance imaging.
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Problems With SAH Diagnosis by FLAIR MR Imaging inferior cerebellar artery (PICA) aneurysm (Fig. 4A,  B) . MR angiography confirmed ruptured aneurysm of the distal PICA (Fig. 4C ).
Discussion
CT was previously considered to be the gold standard for the diagnosis of SAH. However, CT is unreliable for detecting subarachnoid blood produced by a minor leak and the diagnosis rate of small SAH is not acceptable. 11, 22, 24, 27) Unfortunately, if a minor leak is unrecognized and subsequent major rupture 
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occurs, the SAH is more severe and the clinical condition of the patient becomes more precarious.
CT detection of SAH depends on the attenuation values of blood in the CSF spaces, which are linearly related to the hematocrit and hemoglobin levels. 21) However, CT is not sensitive for detecting pathological changes in CSF proteins. 21) In contrast, FLAIR imaging responds to increases in protein or cellularity in the CSF and can detect mixtures of blood or exudates in the CSF in patients with SAH or bacterial or cancer-related meningitis. 11, 14, 25) Experimental studies have shown that small amounts of acute SAH diluted by CSF are more readily identified with FLAIR imaging than with CT, and that FLAIR imaging is more sensitive than CT for the detection of acute SAH. 1, 20, 28) The clinical sensitivity of SAH detection by FLAIR imaging is higher than that of CT in both the subacute stage of SAH, when the diagnostic ability of CT decreases, and the acute phase of SAH. 14, 15, 18, 19) In our study, FLAIR imaging was more sensitive than CT for the detection of acute SAH within 24 hours after onset. In addition, the overall frequency of undetected acute SAH was higher for CT than for FLAIR imaging. These findings are consistent with current clinical experience, which suggests that FLAIR imaging is more sensitive for the diagnosis of acute SAH.
Furthermore, our results suggest that lumbar puncture is not necessary if SAH is identified only by FLAIR imaging, without confirmation of subarachnoid clot by CT. However, if MR angiography fails to reveal the source of the hemorrhage, and SAH is simultaneously associated with apparent inflammation findings such as pyrexia, examination of the CSF is necessary. Therefore, FLAIR imaging can distinguish meningitis mimicking SAH from aneurysmal or other vascular SAH.
FLAIR imaging findings were positive in only 2 of 12 patients with SAH revealed by lumbar puncture but negative CT findings, suggesting that despite the sensitivity of FLAIR for SAH, lumbar puncture is still indispensable in the work-up of a patient with suspected SAH. 16) Aneurysmal SAH occurred in only 5 of the 12 cases. Therefore, FLAIR imaging has important diagnostic limits in patients with minor hemorrhages, such as non-aneurysmal SAH. In the present study, all cases were aneurysmal SAH. Neither CT nor FLAIR imaging identified SAH in one case. Lumbar puncture was performed based on the sudden onset of headache, and MR angiography identified an aneurysm. Therefore, we did not overlook any diagnosis of SAH in a patient with minor hemorrhage. However, this potential limitation of FLAIR imaging shows that MR angiography should be simultaneously performed to determine the hemorrhagic source.
The diagnostic sensitivity of CT and FLAIR imaging varied by cistern. The SAH clot score and frequency of undetected SAH were higher for CT than FLAIR imaging in cisterns with comparatively wide CSF spaces. In contrast, the SAH clot score and frequency of undetected SAH were higher for FLAIR imaging than CT in cisterns with comparatively tight CSF spaces. These results suggest that the diagnostic sensitivity of FLAIR imaging for the detection of acute SAH was reduced in comparatively tight cisterns, perhaps because of the low signal intensity associated with the flow void of arteries in the Problems With SAH Diagnosis by FLAIR MR Imaging cisterns.
Clinicians need to keep in mind that CSF hyperintense artifacts can mimic the appearance of SAH or IVH on FLAIR imaging. 14) Such artifacts are especially prominent in the ventricular system and cisterns around the basilar artery, resulting from head motion of the patient 4) and/or CSF pulsation. 2, 3, 9, 14, 29) CSF pulsation artifacts are attributable to ghosting artifacts caused by the inflow of non-inverted (and hence non-nullified) CSF into sections with high CSF flow rate. 2, 14, 29) Such artifacts appear as SAH-like irregular hyperintensity and are difficult to differentiate from subarachnoid clots on FLAIR imaging. However, this CSF pulsation artifact almost always occurs in the isolated cisterns around a basilar artery, such as the prepontine cistern. Therefore, if an irregular hyperintensity is confined to the prepontine cistern, and MR angiography confirms absence of abnormality of the basilar artery, the possibility of a CSF artifact is high.
CSF pulsation artifact is an important drawback of FLAIR imaging in ventricular systems, and is commonly found in the third and fourth ventricles. 2) Ventricular CSF artifacts are common in adults of all ages, but are associated with advancing age and increasing ventricular size. 2) Furthermore, ventricular CSF artifacts might obscure or mimic intraventricular lesions, particularly in the third and fourth ventricles. 2, 3) Recently, the use of interleaved acquisition has been proposed to eliminate CSF pulsation and motion artifacts. 4, 9, 14, 29) We hope that routine FLAIR imaging can be established to eliminate these artifacts.
The compromise of FLAIR imaging for detecting third and fourth ventricule IVH by CSF pulsation artifacts 2, 3) indicate that care is required for the diagnosis of only IVH without cisternal SAH, because a false diagnosis can create high anxiety in the patient. In particular, primary or idiopathic IVH 23) localized in the third or fourth ventricle is difficult to diagnose only by FLAIR imaging. Future clinical investigations of MR imaging findings in patients with primary IVH are necessary.
In contrast, the differential diagnosis of true IVH and CSF pulsation artifact is comparatively easy in the lateral ventricle, because CSF pulsation artifact in the lateral ventricle frequently appears on FLAIR imaging in the bilateral frontal horns located in the foramen of Monro. Therefore, any hyperintensity in the lateral ventricle other than in the frontal horn above the foramen of Monro is most likely to be true IVH. Although CT may still be necessary to exclude IVH, we believe that FLAIR imaging is at least as useful as CT for identifying acute lateral ventricle IVH.
CT findings of isolated fourth ventricle IVH without cisternal SAH are important in the diagnosis of ruptured distal PICA aneurysm. 13 ) However, we found that cisternal SAH in the posterior fossa is often difficult to detect by CT due to beam-hardening artifacts, such as streak artifacts from the internal occipital protuberance or interpetrous lucency. 17, 18) In other words, CT can detect fourth ventricle IVH, but not cisternal SAH, in most patients with ruptured distal PICA aneurysm. In contrast, FLAIR imaging is particularly useful for demonstrating acute cisternal SAH in the posterior fossa, such as the cerebellopontine angle cistern or cisterna magna, in patients with ruptured distal PICA aneurysm. In the present study, FLAIR imaging depicted both fourth ventricle IVH and cisternal SAH in the posterior fossa without artifacts in a patient with ruptured distal PICA aneurysm. Furthermore, MR angiography confirmed the aneurysm. We emphasize that FLAIR is extremely useful for the diagnosis of cisternal SAH in the posterior fossa.
In this study, all subjects had aneurysmal SAH. Therefore, we could not determine the false-positive or false-negative rates, likelihood ratios, or sensitivity, because no control subjects without SAH were included. Instead, we compared the ability to identify SAH or IVH using the frequency of undetected hematomas.
The present study showed that FLAIR imaging was more sensitive than CT for detecting acute SAH within 24 hours after onset, and the frequency of undetected SAH was higher for CT than for FLAIR imaging. However, the diagnostic accuracy of FLAIR imaging for the detection of acute SAH was reduced in comparatively tight cisterns, such as the interhemispheric cistern. Clinicians can overcome this drawback by simultaneously performing MR angiography. FLAIR imaging is likely to become the gold standard for the diagnosis of SAH as well as minor hemorrhages.
